INTRODUCTION
Stem cells hold great promise in regenerative medicine, disease modeling, functional genomics, toxicological studies and cell-based therapeutics (1) (2) (3) (4) (5) (6) . Adult stem cells are known to be rare and often quiescent, with limited selfrenewal and differentiation potential. However, emerging evidence suggests that both quiescent and active stem cell populations coexist in several tissues in separate but nearby compartments (7) . The main role of adult stem cells in a particular organ is to replenish cells that are lost during physiological or pathological processes (through disease and injury) (8, 9) . Embryonic stem (ES) cells and induced pluripotent stem cells (iPSCs) exhibit unique characteristics such as robust self-renewal and pluripotency. Self-renewal allows ES cells to grow for extended periods without loss of genomic integrity. Pluripotent stem cells have the ability to differentiate into derivatives of all three germ layers, ectoderm, mesoderm and endoderm, and therefore have the ability to generate any tissue-specific cell of the body (10) (11) (12) (13) . This review is particularly focused on demonstrating the differential DNA damage response (DDR) between somatic and pluripotent stem cells. In addition to focusing on our contribution to the stem cell field pertaining to nitric oxide-cyclic GMP and the DNA damage response field in general, we discuss major findings in both these areas of research wherever applicable. We do, however, apologize to the many investigators whose published research was omitted from this review; we were unable to include all related publications on stem cell and DDR.
EMBRYONIC STEM CELLS AND INDUCED PLURIPOTENT STEM CELLS
Evans et al. (14) and Martin (15) were the first to describe the derivation of mouse ES cells from the blastocyst inner cell mass that were able to proliferate indefinitely while maintaining pluripotency. Subsequently, Thompson et al. (10) were the first to derive human ES cells from the blastocyst inner cell mass of a human pre-implantation embryo. Both cell lines could proliferate continuously under the appropriate conditions for prolonged periods of time. Furthermore, it has been reported that ES cells are differentiated into cardiomyocytes, neural progenitors, trophoblastic cells, endothelial cells, hepatocyte-like cells, osteoblasts, hematopoietic lineages, insulin-expressing cells and many other cells in the body (2, 16) using either directed differentiation, embryoid body (EB)-directed differentiation or by stromal co-culture methods (10, 17) . A number of signaling pathways such as Wnt/b catenin (18), PI3K (19, 20) , MAPK (19, 21) and nitric oxide (NO) (22) have shown to be involved in the proliferation and differentiation of stem cells. Our previous work (23) (24) (25) (26) (27) has helped to establish the role of NO-cGMP in the proliferation and differentiation of stem cells. Differential expression and functions of various NO signaling components were observed during mouse and human ES cell differentiation (23, 24) . Furthermore, the results demonstrated that the exposure of ES cells to NO donors and various soluble guanylyl cyclase (sGC) activators alone or in combination induces differentiation of stem cells into myocardial cells with a robust increase in second messenger cyclic GMP (cGMP) accumulation (25) . The aforementioned results suggested that the regulation of sGC expression and activity might be important for directing the stem cell differentiation. This model was further supported by subsequent studies, which indicated that the gene encoding the sGCa1 subunit can undergo alternative splicing during ES cell differentiation and that the C-type sGCa1 splice variant is highly expressed in differentiating cells and has an intracellular distribution that varies from the canonical sGCa1 subunit (27) . Interestingly, differentiation of ES cells by polyphenol curcumin was partly due to manipulation of the NO-cGMP pathway (26) . The results from studies of the NO-cGMP pathway with human ES cells provided the rationale for exploring the role of NO-cGMP signaling in differentiation of iPSCs. When pharmacological probes such as NO donors, sGC activators and phosphodiesterase inhibitors were used, the findings suggested that iPSC differentiation might also be regulated by the NO-cGMP pathway (unpublished data). Figure 2 shows the differentiation of pluripotent stem cells identified by staining for stem cell markers OCT4 and NANOG into multiple lineages. Pluripotent stem cells are subsequently differentiated using the EB-directed method into the cells of the three germ layers and detected by staining of b-III tubulin (ectoderm), smooth muscle actin (mesoderm) and afetoprotein (endoderm). In response to radiation, c-H2AX foci formation (surrogate marker for DSBs) was observed in both pluripotent stem cells (PSCs) and derived differentiated cells.
Transplantation of stem cell-derived differentiated cells into animal disease models of cardiac injury and Parkinson's disease has indicated beneficial outcomes posttransplantation (28) (29) (30) . Preclinical studies with human ES-derived oligodendrocytes injected into rats with spinal cord injury also revealed that the condition of the rats improved after the treatment (31) . This led to the first clinical trial in patients with spinal cord injuries by Geron using human ES-cell derived oligodendrocytes (http://cell therapies.geron.com/grnopc1_pipeline). Preliminary results of the clinical trial, presented at the American Congress of Rehabilitation Medicine (ACRM), revealed that none of the participants exhibited serious adverse events, albeit there were no significant changes in the spinal cord and associated neurological conditions.
Induced pluripotent stem cells were initially generated by introducing a set of key transcription factors (OCT4, SOX2, KLF-4 and c-myc) that can reprogram somatic cells, such as fibroblasts, to a pluripotent state (12) . Subsequently, reprogramming of either mouse or human somatic cells was achieved by either the introduction of OSKM factors (12) or a different set of four factors (OCT4, SOX2, NANOG and LIN 28) (11, 13, (32) (33) (34) (35) (36) . Later, iPSCs without c-myc were generated to avoid a high risk of oncogenesis when using OSKM factors (37) . Somatic cells have also been induced to pluripotent cells by the introduction of only two transcription factors (OCT3/4, SOX-2) when combined with valproic acid, a small molecule histone deacetylase inhibitor (HDAC), which increased the efficiency of primary human fibroblast reprogramming to a pluripotent state (38) . Furthermore, since genetic manipulation and nuclear transfer used in reprogramming can limit their use in clinical applications, pluripotent stem cells from mouse REVIEW somatic cells have also been generated by a combination of seven small molecule compounds. These included several cAMP agonist (forskolin, prostaglandin E2 and rolipram) and epigenetic modulators (5-azacytidine, sodium butyrate, RG108 and DZNep). These chemically-induced pluripotent stem cells generated from mouse somatic cells resemble ES cells in terms of their differentiation potential, germline transmission, gene expression profile and epigenetic profile (39) . In addition, in a recent study it was reported that the chemical reprogramming process requires early formation of extra-embryonic endoderm (XEN)-like cells and a late transition from XEN-like cells to chemically-induced PSCs. This is a unique route that fundamentally differs from the pathway of transcription factor-induced reprogramming. These cells are similar to in vivo counterparts at the transcriptional and functional levels (40) .
Similar to ES cells, iPSCs have been differentiated into cells of various lineages including myocardial and neuronal cells (4, (41) (42) (43) (44) (45) . However, several published studies have shown that lineage-specific differentiation is variable between different clones of iPSCs (46) . Although iPSCs appear to be similar to ES cells with respect to morphology, global gene expression, protein levels and differentiation potential, several reports suggest that iPSCs do differ from ES cells in gene expression, DNA methylation state and miRNA expression (47) (48) (49) .
Recent studies have also shown that the direct reprogramming of fibroblasts with a combination of growth and transcription factors has the potential to generate cardiomyocytes, neurons, endothelial cells, hematopoietic stem/ progenitor cells and hepatocytes (50) . Fibroblasts can be directly differentiated into cardiomyocytes using defined factors (42) and other cell types. Furthermore, a cocktail of three transcription factors (Gata4, Mef2c and Tbx5) was sufficient to reprogram a cardiac fibroblast into induced cardiomyocyte-like cells (50) . Similarly, functional pancreatic beta cells have been generated from pancreatic exocrine cells using a combination of various growth and transcription factors (50) . These studies demonstrate that direct reprogramming could aid in studying mechanisms underlying cell fate decisions during the developmental process.
DNA DAMAGE RESPONSE
DNA damage occurs in cells as a result of exposure to radiation, genotoxic stress, ultraviolet (UV) rays and intrinsic and extrinsic insults, triggering a series of biochemical reactions referred to as DNA damage response, which is involved in the sensing and repair of damaged DNA (51) (52) (53) . Previous studies have shown DDR to be a fundamental and evolutionarily conserved mechanism for preserving the genomic integrity of cells (51, 52) . The DDR pathway involves multiple components, including: 1. sensors (the MRE11-RAD50-NBS1 (MRN) complex, ataxia-telangiectasia mutated (ATM), ataxia-telangiectasia and Rad3-related (ATR), DNA-dependent protein kinase (DNA-PK); 2. mediators (breast cancer type 1 susceptibility (BRCA1), claspin, p53 binding protein 1 (53BP1), mediator of DNA damage checkpoint 1 (MDC-1); and 3. effectors such as check protein kinase 1 (CHK1) and CHK2) (52, 54, 55) . The combined effect of the DDR components results in cell-cycle arrest, DNA repair and/or senescence and induction of programmed cell death or apoptosis (56) (57) (58) . These responses are coordinated at the transcriptional, posttranscriptional, translational and post-translational levels. As DDR is important for genomic stability, its dysfunction is associated with tumorigenicity, genetic diseases and tissue aging (59) (60) (61) .
Double-strand breaks (DSBs) are the most lethal type of DNA damage, and are primarily repaired by non-homologous end joining (NHEJ) (62, 63) . While NHEJ can occur throughout the cell cycle, predominantly in the G 1 phase as well as S and G 2 phases where repair by homologous recombination (HR) is also possible. NHEJ is an error-prone repair process that starts by the binding of heterodimer KU70/KU80 to free DNA ends, followed by the recruitment of DNA-dependent protein kinase (DNA-PKcs). The DNA ends are then slightly resected by the Artemis and/or MRE11/RAD50/NBS1 (MRN) nucleases and XRCC4, XLF, and DNA ligase IV recruitment is needed for resealing (53, 64, 65) . In contrast, HR repair uses a DNA template in the form of a sister chromatid, homologous chromosome, or repeated sequence for high-fidelity repair. The HR pathway process involves BRCA2 and BRCA1, RAD51 and a group of RAD51-related proteins and the MRE11/RAD50/NBS1 complex (66) . The major DNA damage sensors that coordinate the DDR for preservation of the genome are ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and RAD3 related (ATR) (64, 66) . Mutation or loss of ATM or ATR leads to cell senescence-accelerated aging and premature death associated with increased genomic instability (54, 55, (67) (68) (69) (70) (71) . One of the first events marking the DSB is the phosphorylation of the histone H2A isoform H2AX at S139, also referred to as c-H2AX, which is mediated by ATM, ATR or DNA-PKcs (72) (73) (74) (75) . The formation and resolution of c-H2AX foci is linked to the presence of DSBs and can act as a surrogate marker for DNA damage and DSB repair. Subsequently, repair proteins such as the MRN complex, ATM and 53BP1 coordinate cell cycle arrest, DNA repair and apoptosis (64, 76) . RAD51 is uniquely associated with repair by HR (66) . However, formation of c-H2AX and 53BP1 radiation-induced foci is not specific for either HRR or NHEJ.
For over two decades, our laboratory has been involved in the mechanistic delineation of DDR in somatic cells, meiotic cells, as well as in cancer models. Many of our pertinent publications are listed in refs. (76) (77) (78) (79) (80) (81) (82) (83) (84) . During that process, we have identified the mammalian ortholog of the Drosophila males absent on the first (MOF) that acetylates histone H4 lysine 16 as essential for embryogenesis and oncogenesis. Previous studies have indicated that depletion of human MOF (hMOF) in cell lines causes a defective DDR to radiation. Among other defects, these cells show genomic instability, chromosomal aberrations and cell cycle perturbation. Our laboratory experiments also demonstrated that ablation of the mouse mof (mMof) gene led to embryonic lethality and cell death while MOF overexpression resulted in increased proliferation, oncogenic transformation and tumor growth (79) . Another laboratory also independently reported that Mof is essential for the progression of embryonic development past the blastocyst stage and is also required for normal chromatin architecture (85) . In subsequent studies, histone acetyltransferase MOF was found to be a key regulator of the embryonic stem cell core transcriptional network and for the survival of postmitotic Purkinje or T cells (80, 81) . Embryonic stem cells with Mof deletion lose characteristic morphology, alkaline phosphate staining, and differentiation potential. Mofdeleted cells exhibit aberrant expression of the core transcription factors Nanog, Sox2 and Oct4 (86) . More recently, MOF was shown to promote generation of iPSCs by interacting with the H3K4 methyltransferase Wdr5 to promote endogenous Oct4 expression during the reprogramming process (87) .
DNA DAMAGE RESPONSE AND STEM CELLS
Maintenance of a robust genomic integrity for stem cells is of vital importance because mutations in stem cells will compromise derived cell lineages and their progenitor cells (88, 89) . As mentioned earlier, genomic stability can be achieved by the coordination of multiple processes referred to as DDR, which include cell cycle checkpoints, DNA repair and cell death (62, 64) . Recent reviews describing DDR in adult stem cells (90) (92) . Upon exposure to DNA damaging agents (UV, radiation, H 2 O 2 , psoralen), human ES cells showed efficient DNA repair compared to fibroblasts and HeLa cells (93) . Several previous studies have shown that HR is the predominant pathway for DNA repair in both mouse and human ES cells (88, 89, 94, 95) , although some studies point to the repair in human ES cells after DNA damage by NHEJ pathway (96) during the late G 2 phase of the cell cycle (97) .
In another study pertaining to human ES cells and derived neural cells, it was reported that the disappearance of c-H2AX foci occurred at a slower rate in hES cells compared to neural and astrocyte cells, which may reflect a more complex DNA repair system (88) . Moreover, resolution of Rad51 foci, which is reflective of repair by HR, was similar in both human ES cells as well as neural cells (but not in astrocytes). Overall, the study demonstrated that hES cells utilize ATR-dependent HR repair pathway, whereas astrocytes depend on ATM for NHEJ (88) . However, in contrast to the earlier study, using human ES cells as a model, the investigators demonstrated that within 15 min postirradiation, ATM kinase gets phosphorylated and localized to the DNA DSB sites, leading to phosphorylation of downstream targets Chk2, p53 and Nbs1. Exposure to radiation resulted in the temporary arrest of ES cells in the G 2 phase in an ATM-dependent manner, suggesting that human ES cells activate the DNA damage checkpoint (98, 99) .
After irradiation, iPSCs show activation of checkpoint signaling by exhibiting phosphorylation of ATM, NSB1, Chk2 and p53. This study further showed that ATM is localized to DSBs and that p53 was localized to the nucleus of NANOG-positive cells (100) . As shown in a study by Momcilovic et al. (98) , which used human ES cells, iPSCs are also temporarily arrested in the G 2 phase of the cell cycle and a lack of G 1 /S arrest is displayed in iPSCs (similar to ES cells). Further, both iPS and ES cells form Rad51 foci and show sister chromatid exchanges, thereby demonstrating repair by HR. Compared to their differentiated derivatives both ES and iPSCs show a higher expression of DNA damage signaling gene expression, checkpoint activation and repair of various types of DNA lesions (100). In addition, DNA damage processing in human neonatal stromal cells has been compared with adult stromal cells and induced pluripotent stem cells and the data suggest that there are developmental age-dependent differences in DNA damage repair capacity (101). Liedtke et al. also reported that a differentiation-dependent downregulation of repair capacity was observed during osteogenic differentiation in neonatal stromal cells (101) . Furthermore, it remains to be established whether DNA damage response plays a role in cellular differentiation.
As described earlier, human stem cells have a highly efficient DNA repair system that becomes less efficient as cells differentiate to more specialized cells. Further studies reveal that stem cells have an anaerobic metabolism that reduces mitochondria number and oxidative stress (102), thereby reducing genomic instability. If DNA damage is not repaired, cells undergo senescence, apoptosis or differentiation to avoid continued growth of stem cells with mutations and genomic alteration (102). 
REVIEW
Previous studies have shown that hES cells are very sensitive to radiation, with the maximum number of cells undergoing cell death within 7 h postirradiation. In contrast, ES cell-derived neural stem cells and neurons were more radioresistant (103) . Neural stem cells, which survived radiation exposure, went through senescence and astrocyte characters, suggesting distinct genotoxic stress response between ES cells and their differentiated progeny (103) . It has been shown that a relatively low-dose irradiation (1 Gy) can induce apoptosis in hES cells while exposure to 2 Gy caused a 60% decrease in the hES cell survival 5 days postirradiation and elevated hES cell metabolic activity. In addition, 2 and 5 Gy irradiation elevated the reactive oxygen species (ROS) and reactive nitrogen species for one week postirradiation. However, other studies showed that although irradiated hES cells undergo significant apoptosis after irradiation, they continue to remain pluripotent and maintain the ability to form all three germ layers (such as the formation of teratomas in vivo). Such studies are thought to have implications for tracking cellular regenerative therapies using radiotracer reporter probes (104) . Many DNA damaging metabolites, including ROS and aldehydes, cause interstrand crosslinks (ICLs). It was recently established that iPSCs require FA pathway for their growth in vitro and CHK1 was shown to be a critical regulator of iPSCs hypersensitivity to DNA damage. Hyperactive CHK1 signaling restricts iPSC self-renewal in the absence of error free DNA repair (104) , thus maintaining the genomic stability.
In contrast to somatic cells, pluripotent stem cells exhibit an abbreviated cell cycle profile with very short G 1 phase but a longer S phase, suggesting that DDR may differ between differentiated cells and stem cells. In normal circumstances, G 1 checkpoint activation prevents DNA damaged cells from entering into S phase. However, the human ESC studies have been contradictory. In one study, the response to radiation-induced DNA damage arrested human ES cells in the G 2 phase of the cell cycle (105) , while a second study indicated that irradiated human ES cells undergo cell cycle arrest prior to DNA synthesis, thereby demonstrating their ability to activate the G 1 /S checkpoint (106) . An additional study has shown that human ES cells have a leaky G 1 /S checkpoint (107) . Studies have demonstrated that PSCs control genomic integrity by apoptosis rather than DNA repair including both ES cells and iPSCs. These were more susceptible to apoptosis than differentiated cells in spite of their robust repair rates (108) . Another study has reported that upon DNA damage, human ES cells undergo rapid p53 mediated apoptosis compared to differentiated cells, an effect attributed to mitochondrial priming (109) .
Several stem cell pathways involved in either self-renewal or differentiation have been proposed to cross talk with DNA damage response specific at the choice of selecting DNA DSB. Although it is not clear that any stem cell factor/ s are involved in regulating the DNA DSB pathway, recent information indicates that LSD1 and MOF are playing role in stem cell differentiation as well as DNA DSB pathway choice.
Although free radicals in general induce DNA damage, which can result in terminal differentiation most probably by suppressing transcription, no clear mechanistic details supporting such argument is available. However, a recent extensive review in DNA DSB response in stem cells (110) discussed the mechanisms by which ES cells respond to radiation-induced DSBs and ROS compared to somatic cells. Furthermore, Nagaria et al. have discussed whether DSB response is altered during the process of reprogramming in iPSCs and the role of DDR in reprogramming of such cells (110) . Our unpublished data indicates that damage induced at transcription by clustered regularly interspaced short palindromic repeats (CRISPR) is preferentially repaired. It is yet to be established whether nitric oxide signaling influences such DSB repair in transcribing genes, which is currently under intensive investigation.
On the other hand, adult stem cells exhibit a lower DNA repair capacity depending on their type and developmental stage. Since adult stem cells are in the quiescent state of the cell cycle, they exhibit a lower level of sensitivity to DNA damage compared to the rapidly growing ES cells (90) . In response to DNA damage, adult stem cells progress to the G 1 phase of the cell cycle. Therefore, damage is repaired by error-prone NHEJ. As a consequence of this, DNA damage accumulation in adult stem cells can be transmitted into progenitor cells (90, 91) . Furthermore, aging contributes to the impairment of stem cell function and age-dependent accumulation of DNA damage in stem cells and in their supporting niche cells seems to be partly responsible for stem cell dysfunction (51) . The factors that contribute to the accumulation of DNA damage during aging in adult stem cells include DNA replication errors, telomere shortening, repair system failure and aneuploidy (111, 112) , as well as genetic aberrations associated with the early stage development of cancer (51, 98) . Cancer stem cells are a small rare population of cells within the bulk of a tumor. These cancerinitiating cells exhibit resistance to DNA damaging agents, chemotherapeutic drugs and possibly other therapeutic modalities. Cancer stem cells and typical stem cells share differentiation potential and response to DNA damage, which is important for cancer therapy with genotoxic agents. Maintenance of the adult stem cell pool is important for normal development, thereby reducing the process of neurodegeneration and premature aging. Defects in the DNA repair processes are manifested in clinical phenotypes of many human genetic diseases (102) .
SUMMARY
A review of the literature reveals that pluripotent stem cells exhibit robust DNA damage response signaling including checkpoint activation, DNA repair, senescence or apoptosis to maintain genomic stability. Pluripotent stem cells have changed regenerative medicine as a great number of disease-specific PSCs, especially in the area of neurodegenerative and cardiac diseases, have been generated. Reprogramming has further enhanced our understanding pertaining to transcription factors, epigenetic regulators, and microRNAs that are involved in the cell fate determination in such a way that somatic cells can be directly reprogrammed to generate neurons, cardiomyocytes, endothelial cells and hematopoietic stem/progenitor cells and hepatocytes for cell-based therapies. We and others have shown that PSCs exhibit better DNA damage repair kinetics than derived differentiated cells or somatic cells and their repair by the HR repair pathway is the method of choice for PSCs (some of the data from our group is unpublished). However, some studies do indicate a role for NHEJ during late G 2 phase in repair by PSCs. Although a majority of human PSCs undergo apoptosis in response to DNA damage, a subpopulation can proliferate with mutations and damaged DNA that can lead to daughter cells with altered genome. Therefore, PSCs and derived differentiated cells need to be tested prior to their use in clinical medicine. Understanding the molecular mechanism of the DDR in PSCs will improve the production, quality and utility of stem cells in the rapidly expanding area of regenerative medicine.
